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ABSTRACT 
Biodegradation of Vehicular Waste 
Petroleum in the Roadside Environment 
Bacteria from dry and wet roadside environments were 
examined for the ability to degrade hydrocarbons. The kinds 
and numbe s of bacteria observed were similar to those re-
ported in other petroleum contaminated environments. Sur-
face soils (top 2.5 em) immediately adjacent to the highway 
pavement and the sediments of shallow drainage ditches con-
tained the highest concentrations of petroleum degrading 
bacteri 7 (9.8 x 10 CFU/g). Concentfation and species di -
versity of p t oleum degrading bacteria decreased with dis -
tance from the highway pavement. Chromatographic analysis 
of h1ghway stormwater runoff and the soil in close proximity 
to the highway indicated the presence of complex hydrocarbon 
m"xtures of vehicular origin. The concentrations of chloro-
form extractable hydrocarbons decreased with distance from 
the highway pavement. Hydrocarbon degradation rates in the 
roadside environment were determined by the oxidation of 
radiolabeled f1- 14cJ hexadecane. Roadside soil and water 
samples were incubated under nutrient enriched and in situ 
environmental conditions. Biodegradation rates in 
environmental samples enriched with inorganic nutrients 
were 25-126 fold higher than the in situ rates. The highest 
in situ rates -1 -1 (92 ~g hexadecane g soil h ) occurred in 
wet surface soil (to p 2.5 em) immediately adjacent to the 
highway pavement. The findings of the investigation in-
dicate that the roadside environment under study was a 
petroleum contaminated ecosystem in which biodegradation of 
hydrocarbon pollutants was _greatly influenced by the design 
of the roadside drainage systems. Furthermore, petroleum 
degradation in roadside environments can be enhanced by 
construction of shallow drainage ditches which support 
aerobic microbial biodegrada tion. 
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LITERATURE REVIEW 
I . Contamination of the Roadside Environment 
With Ve h icular Waste Petroleum 
The roadside environment is defined as the terrestrial 
and aquatic ecosystems of the land area extending from the 
highway pavement to the right-of-way boundary line. These 
areas are constructed to receive highway stormwater runoff 
and play a decisive role in the removal of highway related 
pollutants. Highway related pollutants stem from automotive 
emissions which include heavy metals, noxious gases, and 
waste petroleum lubricants (15,33). 
The investigation presented in the following sections 
involves the removal of vehicular waste petroleum by micro-
biological degradative processes. The design of roadside 
drainage systems influences these biodegradative processes 
and may enhance or retard the mineralization of highway 
related petroleum pollutants. 
Vehicular waste petroleum is comprised of hydraulic 
fluids, automotive lubricants, crankcase oil, and hydrocarbon 
components of automotive exhaust (24). Highway related 
petroleum pollutants are complex mixtures of aliphatic and 
aromatic hydrocarbons refined from crude oil (Table 1). 
TABLE 1. ·Average amounts of major classes of hydrocarbons 
and related compounds present in vehicular petroleums 
Component 
Aliphatic or paraffinic (alkanes) 
Cycloparaffinic (cycloalkanes; napthenes) 
Aromatic (benzene and polynuclear series) 
Asphaltic (asphaltenes; heterocyclic compounds 
with oxygen, sulfur, or nitrogen) 
From Zobel! (35) .. 
Percentage 
15- 35 
30- 50 
5- 20 
2- 15 
2 
Automotive lubricants are deposited on highway surfaces by 
grease fittings, machine joints and leaking gasket seals. 
The volatile hydrocarbon fractions evaporate and contribute 
to photochemical smog reactions in the upper atmosphere 
(16). Non-volatile hydrocarbons remain on the highway sur-
face as grease and oil deposits. 
3 
Highway surfaces are designed to drain stormwater 
rapidly. Street surface contaminants including waste 
petroleum deposits become constituents of highway stormwater 
and are removed from the pavement. Vehicular waste oil has 
been identified as the major organic constituent of highway 
stormwater runoff (24). The stormwater is discharged into 
the adjacent roadside area. The design of the roadside 
draina g e system determines the direction of stormwater and 
petroleum pollutant flow. Stormwater can be channeled 
into adjacent waterways a n d holding ponds or forced to flow 
overland and infiltrate into surface soil (Fig. 1). 
The ultimate fate of vehicular waste petroleum is 
mineralization by chemical and microbiological processes. 
The design and construction of roadside drainage systems 
influences environmental parameters (e.g., oxygen, moisture, 
and available nutrients) which influence degradative proc-
esses. Thus, roadside design determines the fate of high-
way petroleum pollutants. 
FIG. 1. Typical road11ay, shoulder, and ditch environments. 
Reproduced from Wanielista et al. 1978. Shallow-water road -
side ditches for stormwater purification, p. 3. State Univ-
ersity System: Star Program, Florida Technological Univer -
sity Orlando Florida ( 3 3) • 
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II. The Effects of Petroleum Pollution on 
the Roadside Environment 
6 
The introduction of vehicular waste oil into the road-
side environment produces several physico-chemical and 
biologica l alterations . 
. The effect of vehicular waste petroleum 
on aquatic roadside environments 
Vehicular waste petroleum enters roadside aquatic eco-
systems as a constituent of stormwater runoff. Petroleum 
components are less dense than water and form a thin layer 
of oil across the surface of the drainage ditch. In ditches 
or holding ponds which are designed to retain water, the oily 
layers persist . Was te petroleum combines with suspended 
organic materials which form an impermeable layer over the 
drainage ditch surface. Oxygen exchange and sunlight pene-
tration is redu ced. These disturbances result in several 
ecological changes (3). 
Decreased oxygen exchange lowers dissolved oxygen 
concentration and increases the biological oxygen demand. 
Decreased sunlight penetration reduces photosynthetic 
activity which further decreases the dissolved oxygen 
7 
concentration. When the surface oil layer is not disrupted 
by wind or water currents, the available oxygen beneath the 
oil layer is rapidly depleted by aerobic bacteria and higher 
eucaryotic organisms. Anaerob ic conditions become estab-.. ~ 
lished accompanied by low oxidation reduction potentials and 
d ,ecreases in pH. Thus, aerobic biodegradative processes 
are greatly impaired or completely cease. The overall 
effect is eutrophy. Organic sediments accumulate unoxidized 
materials,, e.g. vehicular petroleum pollutants. The road -
side aquatic ecosystem loses its aesthetic appearance and 
becomes ''stagnant. 11 
Anaerobic conditions in roadside aquatic environments 
can be circumvented by designing shallow roa d side drainage 
ditches in which stormwater percolat es into surface soil. 
Proper stormwater drainage reduces the formation of surface 
oil slicks and accumulation of hydrocarbons in aquatic 
ditch sediments (33). 
B. The effect of vehicular waste petroleum 
on terrestrial roadside environments 
In roadside areas in which stormwater runoff is forced 
to drain overland, waste petroleum infiltrates into sur -
face soil (top 2.5 em) and combines with soil particles. 
The presence of vehicular waste petroleum causes microbiolo-
gical changes in the indigenous soil microflora. Microorgan-
isms capable of utilizing hydrocarbons as substrates for 
8 
growth have a selective advantage over other microbial pop -
ulations. Petroleum utilizing microbial populations increase 
in concentration with increasing amounts of hydrocarbons (33). 
Roadside surface soils exposed to stormwater runoff 
support active aerobic biodegradation. Vehicular waste 
petroleum is actively degraded by t he soil microflora thus 
preventing accumulation . Extreme environmental changes 
which accompany the accumulation of pet roleum pollutants, 
e g., anaerobic conditions, eutrophication , are not asso-
ciated with surface soil adjacent to highways. 
III. The Mineralization of Hydrocarbons 
in the Roadside Environment 
9 
The removal of vehicular waste petroleum from the road-
side environment is accomplished by the interaction of 
chemical autooxidative and microbial biodegradative proc-
esses .. 
A. utooxidation of vehicular hydrocarbons 
Autooxidation is a complex chemical oxidation reaction 
which is initiated thermally or photochemically by the for-
mation of free - radical chemi cal intermediates (17). The 
formation of the free-radicals produce a chemical chain 
reaction which in turn produces additional reactive inter-
mediates . These react with molecular oxygen (0 2) resulting 
in the partial or complete mineralization of the hydrocarbon 
molecule. 
Sunli gh t, temperature, partial pressure of oxygen and 
oil densit y influence the degree of hydrocarbon autooxida-
tion. Autooxidation reactions occur most readily in thin 
layer oil slicks and oil emulsifications where the partial 
pressure of oxygen is increased (35). Autooxidation 
10 
reactions have been observed in virtually all hydrocarbon 
components of refined petroleum (17). 
Partial oxidation of vehicular fuels and lubricants by 
autooxidation reactions form aldehydes, ketones, esters 
and organic acids (17). These partially oxidized compounds 
are less recalcitrant than their hydrocarbon precursors. 
Recalcitrant hydrocarbons, e.g., aromatics and c~cloalkanes 
(Table 2), represent 30-50% of the hydrocarbons present in 
vehicular lubricants (Table 1). The combined interaction 
of autooxidation and microbial degradation is essential 
for optimum mineralization of the recalcitrant hydrocarbons 
which enter the roadside environment. 
B. Microbial biodegradation of 
vehicular hydrocarbons 
Vehicular waste petroleum fractions .enter the roadside 
soil and aquatic systems where they become substrates for 
microorganisms. The hydrocarbon components of petroleum 
supply both energy and carbon skeletons for microbial meta-
holism. The microbial cell oxidizes the hydrocarbons by 
oxygenase enzymes which catalyse the reaction of the hydro-
carbon molecule with molecular oxygen. This biochemical 
reaction provides the cell with reducing power and chemical 
energy for other metabolic processes. The biochemical oxi-
dation of hydrocarbons is the biological basis for petroleum 
mineralization. Reviews describing this biochemical 
TABLE 2. Relative biodegradability of 
1 . a Reca c1.trance-
various hydrocarbon substrates 
Hydrocarbon 
Normal alkanes c10 - c19 
Straight chain alkenes c12 - c19 
Alkanes c5 - c9 
Branched alkanes c4 - c12 
Alkenes c3 - c11 
Branched alkenes 
Aromatics 
Cycloalkanes 
S . f. . b peCl. •lClty-
11 
a The ntnnber of microorganisms isolated that would grow on 
the substrates listed from top to bottom. 
b 
- Any organisms isolated on the compounds further down the 
list would generally grow on those above. 
From Perry, J . J. and C. E. Cerniglia (18). 
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degradative process have been published (2,8). 
Microorganisms which degrade hydrocarbons are widely 
distributed in soil and water. However, the ability to 
biochemically oxidize hydrocarbons is restricted to a 
relatively small group of microorgamisms in nature. The 
hydrocarbon utilizing microorgan isms most frequently isolated 
from oil contaminated environments are strict aerobic bac-
teria (Table 3). These aerobic microorganisms are very 
versatile at biodegradation . Some members of the genus 
Pseudomonas are capable of growth on over 80 individual car-
bon sources in minimal media (4). 
The biodegradation process involves chemical oxidation 
of a highly reduced molecule . The thermodynamics of such 
reactions require the presence of molecular oxygen and/or 
a positive oxidation-reduction potential which favors the 
formation of oxidized products. Microbial oxidation of 
hydrocarbons in anaerobic sediments does not appear feasible 
at any appreciab le rate. However, a highly specialized group 
of anaerobic bacteria, e.g., Desulfovibrio ~., are capable 
of reducing sulfate and assimilating hydrocarbons. This de~ 
gradative process requires sulfate which is reduced to hydro-
gen sulfide as the hydrocarbon becomes oxidized (3). Hydro -
carbon mineralization studies which utilized sensitive short 
term 14 c radioassays did not detect active anaerobic hydro-
carbon oxidation in organic sediments (2). Thus, it has 
been concluded that mineralization of hydrocarbons in an 
T BLE 3. Microorganisms most frequently isolated 
from petroleum contaminated environments 
1icroo rganism 
Pseudomonas ~· 
lcaligenes ~· 
crococcus ~· 
acardia~ 
Flavobacterium~ · 
Goryneb 
Arthrob cter ~· 
cinetobacter ~· 
Vibrio ~· 
fungi 
Hydrocarbons Utilized 
Paraffins, cycloalkanes, 
napthenes~ phenols, 
m-creosols, and 
asphalt 
Fatty acids, alcohols, 
partially oxidized 
alkanes 
Paraffins, phenols 
Paraffins, aromatics 
Paraffins, aromatics 
Paraffins 
Benzene extractable 
hydrocarbons 
Paraffins,. aromatics 
Paraffins, aromatics 
Paraffins, aromatics 
References 
4 
9 
9 
20 
2 
29 
2 
27 
6 
10 
13 
anaerobic environment is an extremely slow process (2). 
The removal of hydrocarbons from the roadside environ-
ment is predominantly an aerobic microbial degradative 
14 
process. Anaerobic roadside environments support the accumu-
lation of vehicular waste oil and retard the rates of aerobic 
microbial biodegradation. 
C. Environmental factors 
influencing biodegradation 
Physical and chemical factors which affect microbial 
growt h influence the rate of oil biodegradation in the road -
side environment. Dissolved oxygen, temperature, available 
water and inorganic nutrient concentration all play the 
major role in determining the rates of petroleum biodegrada-
tion. 
Free or dissolved oxygen is essential for active aerobic 
microbial degradation (35). Microbial degradation rates in 
the roadside environments are highest in the surface of soil 
and water (top 2.5 em) where oxygen is readily available. 
Degradation rates decline in water-satura ted soils and sedi-
ments where oxygen cannot perfuse. 
Temperature affects the kinetics of biochemical reac-
tions and thus influences biodegradation rates. The optimum 
temperature for growth of most aerobic petroleum utilizing 
bacteria ·s 23 to 25° C (34). In cold climates (<4° C) tem-
perature is the rate limiting factor in petroleum degradation 
( 3 4) • Petroleum biodegradation rates in subtropical eli-
mates in which mean climate temperatures approach - optimum 
exceed the rates of degradation in temperate climates. 
15 
In roadside environments of temperate climates, temperature 
can become a limiting factor of vehicular petroleum degra~ 
dation (34) . 
Water availability influences mi crobial growth and thus 
affects petroleum biodegradation. In arid roadside soils, 
bacterial metabolic activity decreases and microbial pop-
ulations decline. Increasing the mois ture content solu-
bilizes nutrients and results in a surge of mi crobial growth 
and metabolic activity . Roadside environments with increased 
soil moisture have higher rates of oil degradation . than arid 
soils. During rainy months, the bacterial populations and 
biodegradation rates increase. 
In petroleum contaminated environments inorganic nu-
trients are rapidly assimilated and the petroleum utilizing 
microbial populations become nutrient limited. As a result, 
the rates of hydrocarbon degradation decline (2). In the 
roadside environment, the carbon to nitrogen imbalance and 
phosphorus limitation is ameliorated by the addition of 
inorganic nutrients present in highway stormwater runoff (24). 
In the presence of adequate inorganic nutrients, microbial 
populations remain active during intervals of heavy hydro-
carbon loading. 
IV. Methods for Determinat ion of Petroleum 
Biodegradation Potentials and Degradation Rates 
in the Roadside Environment 
16 
Assessment of the biodegradation of hydrocarbons in a 
petroleum contaminated environment can be determined by a 
variety of laboratory methods . The methods employed in this 
stud have been utilized in other pet roleum contaminated 
environments by other investigators and proven effective 
(7 30 31) . 
A. Biodegradation potential assessment 
Determination of the hydrocarbon biodegradative poten-
tial involves incubation of environmental samples under 
optimum environmental conditions, e.g., oxygen, temperature, 
moisture , and nutrient enrichment . Predetermined amounts of 
hydrocarbons identical to, or representative of the petroleum 
pollutants under study are added to each environmental 
sample . The environmenta l samples are incubated for a given 
time period and the residual amount of hydrocarbon remaining 
is quantitatively and/ or qualitatively deterined. 
Two methods are frequently used to quantitatively and/or 
qualitatively determine residual hydrocarbons following 
biodegradation : gravi metric (19) and gas - liquid chroma-
tographic analysis (11). 
Gravimetric analyses measure differences in hydro-
carbon substrate weight between biodeg raded samples and 
sterile controls . Petroleum residues of environmental 
17 
samples are extracted with a volatile solvent, dried under 
nitrogen and weighed on an analy tical balance. Gravimetric 
analyses are quantitative measurements and are useful in 
comparing the relative biodegradative effectiveness of en-
vironmental samples . However, this me thod does not offer 
qualitative information concerning the biodegradation of 
specific petroleum fraction s. 
Gas-liquid chromatographic analy ses offer both quali -
tat · ve nd quantitative biodegradation assessment (6). 
Pet oleum residues are extracted and injected into an instru-
ment contain·ng columns packed with a n inert solid support 
mater·al coated with a "liquid phas e," e.g., diatomaceous 
earth/dimethyl-silicon. The col umn s are enclosed in a tern-
perature controlled oven with an amb ient temperature suffi-
cient to volatilize all components of the residue. The 
vaporized hydrocarbons are pa ssed through the column 
by an inert carrier gas e.g., helium or nitrogen. The 
hydrocarbons interact and adsorb ·to the liquid phase 
depend nt upon their respecti ve chemical and physical 
properties. The resid u e is resolved into individual hydro -
carbon components which elute at different time intervals 
(reten tio n times). As each component leaves the column it 
is electrically detected by a flame ionization detector 
and recorded. Residual hydrocarbon concentrations in the 
mg/L range are detected by this methods. Hydrocarbon com-
ponent identification and concentration is obtained by 
18 
st ndard concentration curves and retention time evaluation. 
Gas-liquid chromatographic methods are superior in 
sensitivity to gravimetric methods and offer qualitative 
analysis. Thus, gas-liquid chromatographic methods were 
se ected for the hydrocarbon analysis in this study . 
B. Biodegradation rate determination 
Biodegradation rate determinations are essential in 
evaluating petroleum mineralization. Rate deter mination 
methods involve the addition of hydrocarbon substrates to 
environment 1 samples and quantitat ivel y measuring the de-
gree of mineralization during an established time interval. 
Biodegradation rates may be determined under a variety of 
laboratory controlled environmen tal conditions. Maximum 
biodegradation rates are measured by incubating environmen-
tal samples under conditions of artificial nutrient enrich-
ment and aeration. Optimum r a te studies provide valuable 
information concerning biodegradation potential but do not 
assess actu 1 e nvironment a l biodegradation rates. Actual 
enviro nment a l rates are assessed by the incubation of hydro-
carbo n substrate in environmental samples under in situ 
19 
environmental conditions. 
The most widely accepted method for .determining hydro-
carbon biodegradation rates employs 14 c-radiolabeled hydro-
carbons (2). This me thod quantitatively measures the min-
1 . . f 14c h d b 14 14 era ~zat1on rate o - y rocar on to co 2 . C-hydro -
carbons are incubated under laboratory controlled condi-
tions. The 14 co 2 is directly trapped into a basic solution 
and counted by liquid scintillation procedures (32). Radi~ 
labeled hydrocarbon assays are v~ry sensitive methods, ~M 
detection, which permit the study of oxidation rates under 
a variety of laboratory controlled conditions. These meth -
ads provide a direct comparison of both biodegradation rate 
potential and in situ rate determination. Radiolabeled 
[l- 14c] hexadecane was utilized to determine the biodegra -
dation rate in this study. 
SECTION I : THE PETROLEUM- DEGRAD I NG PO TEN TI AL OF BACTERIA 
FRO 
Bacteria f r om dry and wet soils e x posed to highway 
stormwater runoff were examined f o r their ability to 
degrade epresentative mixture of hy d ro carb o ns present 
Surface soi l s 0 .7 6 m fro m t h e roadside 
conta · ned twice as many aerobi c p e troleum degrading bac-
teria as soils 6 . 0 m from t he highw a y pavement. Bacteria 
present in soil near the edge of t h e hi g hway and in sedi -
ments of hallow dra·nage ditches p roduced significantly 
gre ter degradation of hydrocar b o n s when compared with 
bacteria of dry soils and soi ls no t directl y exposed to 
20 
runoff . Under op t imum env iro n mental conditions, 89.6 % of a 
20 0 g/liter hydroca r bo n mi x ture was degraded in 60 days by 
bacteria from roa d s i de so il s. The number and kinds of micro -
organisms assoc i a t ed wi t h r o a dside soils are similar to 
t hose found i n othe r p etroleum contaminated environments. 
21 
Introduction 
The environmental impact of petroleum pollution upon 
aquatic ecosystems has resulted in extensive research into 
the microbial biodegradation of hydrocarbons. Several 
studies have estimated the hydrocarbon degradation potential 
of w ter a d sediment of estuary, mari ne and freshwater en-
vironments (21,28 30 31). However, very few have studied 
the biodegradation of waste oil present in the stormwater 
runoff of streets and highways . 
Hydrocarbons present in stormwater runoff result from 
the deposition of vehicular lubricants and fuels onto the 
street surface . nalysis of roadside runoff from residen-
tial nd industrial areas i n dicate automotive grease and 
waste oil as the major organic constituents (24). The 
primary hydrocarbon contaminan ts include crankcase oil and 
the non-volatile components of engine fuel. Of the esti-
9 
mated 1.51 x 10 liters of waste crankcase oils produced 
annually in the U.S., approximately 5.0 x 10 8 liters are 
lost through leakage and combustion (15). 
Vehicular waste oils originate from machine joints, 
worn seals, grease fittings, an d from automotive exhaust 
as incomplete fuel combustion (24). Volatile components 
of waste oils and fuels evaporate into the upper atmosphere 
a n d co ntribute to p h o toch em i ca l s mo g proc e sses (16). 
22 
Non-
volatile hydroca r bons rema in d eposited on the pavement sur -
face and become constituents o f stor mw ater runoff. Storm-
water runoff transports the wa s te o i ls into roadside soils 
and aquatic systems (14,2 6) . Th e d es ig n of drainage sys-
terns, roadside ditches and runoff h o l ding ponds can enhance 
or retard microbial degradat i o n of t h e waste oils intro -
duced into the roa side environmen ts. 
Th e objective of this study was to describe the 
petroleum degrading bacterial concen t ra tio n in the road-
s~de e nvironment, and to determine t h e r e l ative effective-
ness of roadside soil and wa t er t o bio d egrade hydrocarbons 
present in highway stormwa t er runoff . 
The dat indicated that the c on centration of petroleum 
util.zin g b cteria was highes t in th e vicinit y of highway 
stormwate discharge . Soils of i ncreased moisture content 
near the ighway pavemen t a n d th e s h allow aquatic ditches 
proved most effective i n deg r a din g h y droc a rbons. Arid 
soils and the anae r ob ic sedi ments of aquatic ditches were 
t he least effect iv e in t he min e rali z ation of hydrocarbons. 
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Materials and Methods 
Sample sites . Two roadside areas along Interstate 75 
near Titusville, Florida were selected. A dry roadside 
sampling region 150 m in length extending 20 m from the 
pavement was chosen as a representative dry site. This 
s"te was directly exposed to waste petroleum present in 
highway stormwater runoff . Stormwater flowed over the 
surface soil and infiltrated into the ground water 2 m 
bela Samples were also collected from a roadside ditch 
6 m from the pavement 150 m in length, and 3 m in width. 
Highway stormwater was channeled direct l y from the road 
s ~ rface into the wet site ditch through concrete pipes and 
flumes. Water in the wet site ditch was 1 m in depth 
throughout the sampling period. The two sites were 5 km 
apa t . either sampling region was exposed to agricul-
tural ~ residential nor industrial influences. Traffic 
volume during the sampling period was determined to be 
1.24 x 10 4 axles per day (personal communication, Florida 
Department of Transportation, Tallahassee, Florida). 
Sampling methods. Composite soils and water samples 
were collected in sterile one liter jars, transported on ice 
and processed the day of collection. Composite surface 
2,4 
soil samples (top 2.5 em) were collected at various distances 
from the pavement with sterile trowels and jars. Composite 
water samples were collected from the wet site by submerging 
sterile jars. Sediment samples were collected by submerging 
a closed sterile jar and opening the lid of the jar prior 
to collecting the bottom sediments. 
Media . The basal salts medium for the isolation and 
enumeration of petroleum utilizing aerobic microorganisms 
contained: 0 . 05 g Fec1 3 0.05 g KR 2Po 4 , 0.5 g MgSo 4 , 0.6 g 
Cl 0 05 g aH 2 Po 4 1 .0 g NH 4 Cl, 15.0 g agar, and 1000 ml 
distilled water. The pH was adjusted to 7.2 prior to auto-
claving. The media was sterilized and dispensed into plas-
tic petri plates (100 x 10 em). Sterile kerosene (0.2 ml) 
was overl yed onto the surface of the agar prior to inocula-
tion. Enumeration of bacteria was determined by the spread 
pl te count technique in replicates of four. Bacterial 
numbers were expressed as colony-forming units per gram 
of soil or milliliter of water. Bacterial identification 
was accomplished using Bergey's Manual of Determinative 
Bacteriology (4). All plates were incubated at 23° C. 
The biodegradation potential was determined by measu-
ring the ability of microorganisms present in the samples 
to degrade a representative hydrocarbon mixture (kerosene) 
under optimum environmental conditions. One hundred milli-
liters of basal salts solution was placed into 250 ml Erlen-
meyer flasks and buffered with 2.0 ml of 0.5 M NaH 2Po 4 . The 
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pH was adjusted to 7.2 with 1.0 N NaOH. The flasks were 
fitted with cotton stoppers and autoclaved. Sterile kero-
sene (2.0 g) was added to each flask. One gram or 1.0 ml 
of composite sample was added to the flask and incubated 
at 23° C for 60 days on a rotary shaker at 100 rpm with a 
5 em throw~ Volatiliza tion and weathering effects were 
determined u s in g sterile control flasks containing basal 
salts and kerosene . 
After a 60 day incubation period, the contents of 
e ch flask were emptied into 250 ml separatory funnels 
and extracted w~th 20.0 ml anograde chloroform (Mallin-
ckrodt) . The chloroform layer containing the residual 
kerosene was filtered th rough a 10 em, 0.45 ~ Fluoropore 
filter ( illipore Co.) to remove the soil and bacterial 
ce mass Twenty (20.0 ml) of chloroform was utilized to 
ex ract the contents of the glass separatory funnel and 
f 'l teri g flask . The chloroform-extracted residue was 
plac d ·n a 500 ml round bottom flask and flash evaporated 
at 55° C to a constant volume of 5.0 ml. Five ~1 of the 
concentrated extract were injected into a gas-liquid chroma-
tograph. The concentration of kerosene remaining after 
de gra dation was quantitatively determined by integration 
of the are under the chromatographic tracing. 
Soil and water samples from the roadsides exposed to 
petroleum were directly extracted using the above procedure. 
Gas-liquid chromatography. Chromatographic analysis 
of hydrocarbons was determined on a Hewlett Packard 7260A 
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gas-liquid chromatog raph equipped with a dual flame ioni -
zation de tector. Stainless steel columns 3 m x 4 mm, con-
taining 10% SP-2100 on 80/100 Supelcoport (Supelco, Inc . ) 
were utilized to resolve the hydrocarbon components of 
kerosene and waste petroleum. Separation was achieved by 
the following temperature program: initial column temper -
ature 50° C, 2 min . post injection time, temperature in-
creased to 270° C at a rate of 10° C per min. final temper-
ature held for 10 min. Other instrument parameters and 
sett'ngs included the following · a nitrogen carrier gas, 
40 cc per min. injection tempe rature, 310° C, detector 
temperature 300° C, air flow rate, 425 cc per min., hydro -
g n flo¥ rate 40 cc per min p recorder chart speed, 
1 . 25 em per min . 
Soil analysis . Total nitrogen and total phosphate 
analyses were performed on the ro adside samples according 
1rd Methods for the Examination of Water and 
Wastewater (l). 
liter. 
Concentrations were expressed in mg per 
27 
Results 
Effects of rainfall. The concentration of hydrocarbon 
utilizing bacteria present in the to p 2.5 em of roadside 
soil decreased with distance from the pavement (r = - 0.86, 
p < 0 . 05 Fig . 2). Bacterial concentrations increased 
significantly as rainfall increased (F ig. 2). 
Soil and stormwater extraction. Chromatographic 
tracings of soil and highway stormwater extracts (Fig. 3 
and 4) indicated the presence of hydroca rbons similar to 
sterile weathered kerosene (Fig . 5). The tracing of chloro-
form extracted stormwater represented a hydrocarbon con-
centration of 0.62 mg/liter (Fig. 4). The concentration 
of extractable hydrocarbons in surface soil decreased with 
distance from the pavement (r = '-0.91, p < 0.0 1 , Table 4). 
Hydrocarbon concentrations present at the edge of the pave -
ment were 76.7% higher than in soil collected 6.0 m from 
the pavement. 
The concentrat io n of petroleum utilizing bacteria, 
nitrogen h osphate , an d th~ abi lity to degrade kerosene 
under optimum conditions, decreased with distance from 
the pavement at the dry site (Fig. 6). The highest degra -
dation dur · ng the dry season was associated with surface 
soil near the edge of the pavement. 
FIG. 2 .. The influence of rainfall and distance from 
- --
the highway pavement on the concentration of hydro -
carbon utilizing bacteria. Symbols: , mean rainfall; 
0, bacterial concentration at 0.0 m; 0 , bacterial 
concentration at 0.75 m; , bacterial concentration 
at 1.5 m; , bacterial concentration at 3.0 m; ~ , 
bacterial concentration at 6.0 m. 
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FIG. 3. Gas-liquid chromatographic tracing of the 
chloro_form extractable hydrocarbons, present ~n one gram of 
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FIG. 4. Gas-liquid chromatographic tracing of the. 
chloroform extractable hydrocarbons present in one liter of 
highway stormwater runoff (attenuation 40). 
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FIG 5. Gas-liquid chromatographic tracings of 
weathered and biodegraded kerosene (attenuation 64xl0 3). 

TABLE 4. Concentration of chloroform extractable 
hydrocarbons i n roadside soila 
Distance from the highway 
pavement (meters) 
0 
3 
c 6-
9 
12 
Concentration of b 
hydrocarbons mg/L-
0.90 
0 .. 53 
0.21 
0.23 
0.15 
a 
- To soil (2.5 em) of dry soil at the dry site . 
.£Values are averages of triplicate determinations. 
£ Lowest elevation in roadside area . 
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F'IG. 6. The effect of distance from the pavement, bac-
terial concentration total nitrogen concentration, and phos-
phate concentration on the biodegradation of kerosene Qy soil 
collected from the ~ site during the ~ season (January -
February). 
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One gram of roadside soil immediately adjacent to the 
pavement degraded 50% (1.0 g) of the kerosene under opti-
mum conditions in 60 days (Fig. 6). Bacteria from soil 
16.0 m from the pavement were less effective and degraded 
only 4.0% (0.08 g) of the kerosene in 60 days. 
The ability of soil at the edge of the highway to 
degrade kerosene increased by 75.0% during the rainy months 
of July and August (Fig . 7). The highest hydrocarbon degra -
dat ' on was observed in soil collected from the edge and 6.0 
m di tance from the pavement under wet conditions (Fig. 7). 
One gram of surface soil degraded 87.5 % (1.75 g) of the 
kerosene in 60 days under optimum conditions. The chromate -
gr phic trac'ng of degraded kerosene indicated that all 
h droc bon components were equally susceptible to micro -
b~ ut liz tion (Fig. 5). 
The concentrations 
of nitrogen and phosphate in soil at the edge of the pave -
ment decreased during the rainy season (Fig. 6 and 7). Ni -
trogen concentrations in soil 6.0 m from the pavement did 
not change significan tly with se a sonal variation (Fig. 6 and 
7). The highest concentration of nitrogen and phosphate 
w s observed in the water and sediment of the wet site 
ditch ( F · g. 8). 
The d g rada tion of kerosene by bacteria present in the 
s u rf e wat r of thew t site ditch was 86.0 % (1.72 g) in 
60 days und r optimum conditions (Fi g . 8). Anaerobic wet 
FIG. 7. The effect of distanee from the pavement, 
bacterial concentration total nitrogen concentration, and 
phosphate concentration on the biodegradation of kerosene 
.£y soil collected from the .i£y site during the rainy season 
(July-August). 
I 
lJ a:: 
t-w 
- .._ 
0 <( 
~~ 
- a:::: 
V')UJ 
Co 0 
< z ..D 
0 ::::> 
0::: 
.,_..._ U')o 
-z o -
~ 
c.n 
a::: 
0:: w 
:r:w ...... w 
U<{ ~ 
~~ .._ 0 t-
we:::: oZ oa . w 
tnZ 
.0~ 
w 
0::::> > ~:; <( 
ou a.. 
O::::'l{') ~ 
'0 
a::: 
'Ll.. 
t-
z w 
w u 
~.....J z 
w- <( 
>0 ...... 
<(V') U') 
O...t- a 
V) 0 Ll.. -
oo 0 
w~ 
0 
0 
w 
N 0 
1 6w 31 'VHdSOHd l'V 101 
~ ~ 110 ..,. 0 
1 6w N300~11N '<1101 
I ~ 0 ~ C"'l .,, ~ 0 
N 
110S W'V~'.) ~3d 030'1~'.)30 3N350~3 D 0 110 ..0 ..,. 
""" 
0 
(n:IJ ) .ot liOS WY~0 ~ d 'VI~31JV'8 '.)NIZillln OS H'V)O~OAH 
FIG. 8. The effect of distance from the pav ,ement, 
bacterial concentration, total nitrogen concentration, and 
phosphate concentration on the biodegradation of kerosene Qy 
surface water (top 2.5 em) and sediment collected from the 
wet site ditch. 
:I: :r: 
u 1---
t--0... 
- UJ o -Q 
u... o,z 
,_ ~ 
zw 
w~ 0 
-UJ (/) ~~ ,.) a: 
10 0 
w 
~ UJ W I \1') 
- ~ 
t-
z 
UJ 
~ 
w 
I > 
u <{ 
....._ a_ 
CI ~ 
.._ 0 ~0.. 0::: ow u.. Q::Cl LU u..z u 
0:::- z L.Ua::; 4:: 
...... w 
<(~o-- I-
~UJ f/) ~ 0 0 
LU 
..0 U~' 
<(-
u.. 
Ct: 
:::l 
(./") 
.,., ...., 
-
0 
~ 1 bw 31 VHdSOHd 1V' 101 0 -o .... N 1 e 
l ~ 0 ..0 
1 6w N3~0MliN l'V 101 
~ 00 ~ 0 
N 
D 
M31 \:IM ~0 liOS W'VM~ ~3d 030V'M930 3N3SOM3>f SW'V~~ 
0 GO .4:) ... N 0 
(n::l) ) 0 I ~31 V'M MO 110S 'V'M~ ~3d 'tl~31)\f8 ~NIZillln NOSM'v')O~OAH 
44 
di t c h sedime nt sam p les d eg r a ded 77.5 % (1.55 g) of the k ero -
sene in 60 days u nd e r ae rob ic cond i tions (Fig. 8). 
The concentratio n of p etroleum utilizing bacter i a 
present in the anaerob i c se d ime nt o f the wet site was 
similar to roadside soil 16 . 0 m fro m the pavement. 
Pseudomonas ~ · we r e the predo minant petroleum 
ut"lizing bacteria isolated fr om each roadside soil and 
water sample (Table 5) . Higher sp e cies diversity was 
observed in both the wet soil and wate r samples (Table 5). 
Evaluation of the biodegrada t io n pot ential. Evalua-
tion of the hydrocarbon degradation potential of roadside 
soi s resulted in the following r ela tive effectiveness: 
the h · ghes degradation occurred in t h e s a mples of sedi -
ments from sh llow roadside ditches and wet soil at the 
edg o the highway pavement . S u r face wa t e r and s e diments 
of n erob"c roadside ditches i n cu b a t ed under aerobic con-
ditions proved less effective . Dr y roadsi d e soil was least 
effective in degrading t he hyd r o carbons present in storm-
water runoff 
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Discussion 
Bacterial degradation of hydrocarbons is dependent upon 
environmental conditions: temperature, pH, moisture, nu-
trient concentration, and redox potential. These condi-
tions are usually not at optimum levels in petroleum 
pol uted env"ronments. However , valuable information on 
the biodegradation of petroleum can be obtained from labora-
tory studies in which these environmental conditions are 
ma'ntained at optimum levels (30). In this study, samples 
collected from roadside environments were examined for their 
ab"l"ty to degrade kerosene under op timum environmental 
cond " tions. The results suggested that it is possible to 
predict th petroleum degradation potential of various road-
s·de environments . 
The hydrocarbon degradation potential was dependent 
upon t e species diversity and concentration of petroleum-
utilizing microorganisms. Increased bacterial concentrations 
in r ads· , e samples were directly related to hydrocarbon 
concentr t'on i organic nutrients and soil moisture. 
In petrole _m contaminated environments, bacterial popu-
1 tions wh · ch are capable of utilizing the hydrocarbons are 
s 1 cted. The ubsequent concentration increase has been 
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well documented i n studies of oil contaminated soil and 
aquatic systems (11, 1 2,19). Zobell (35) observed bacter-
ial concentration increases 3 6 fro m 10 /g to 10 /g in environ-
ments exposed to petroleum. The concentrations of petroleum 
utiliz1ng bacteria in soils directly exposed to vehicular 
petroleum aste were two orders of magnitude higher than 
soils not e posed to these wastes. Increased bacterial 
concentrations were at a maximum during months of increased 
rain£ 1 when stormwater volumes increased. 
Inorgan · c nutrient limitation has been observed in 
soil nd aquatic environments exposed to petroleum {2). 
The addition of · norganic nitrogen and phosphorus to oil 
cant minated soil has been shown to stimulate the growth 
of microb ' al populations and enhance petroleum biodegrada-
' on ( 1 3 19). Sha een (24) analyzed the stormwater runoff 
of highw ys nd observed inorganic nitrogen and phosphorus 
concentr tions of 0.16 g/liter and 1.1 g/liter respectively. 
The add"tion of these inorganic nut rien ts into soils by 
highway r noff resulted in increased bacterial concentra-
t'ons 
Increases in the moisture content of soils stimulate 
bacteri 1 activity and growth . Kincannon (12) studied 
the degr dation of waste oi l in soils and demonstrated 
higher b cter' 1 concentration in soils of increased mois-
ture. In our study the highest degree of kerosene degrada-
t"on was assoc· ted w"th bacteria from wet roadside soils. 
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Dry soi s were less effective due to decreased solubiliza-
tion of nutrients which resulted in decreased bacterial 
ac tivity . 
This study demonstrated that bacteria present in 
roadside environments possess the potential to degrade 
veh1cular waste petroleum . However, optimum environmental 
conditions seldom occur in roadside soils. Anaerobic sedi-
ments ihich appear capable of degrading hydrocarbons as 
eff·c · ently as aerobic soil 6 .0 m from the pavement are 
'ndeed very inefficient . Active bio degradation of hydro-
carbons is an oxidative process and requires an aerobic 
environment (2). Such conditions are non-existent in 
sedim nts o deep roadside ditches . Petroleum degradation 
und h se naerobic conditions is an e xt remely slow proc-
e s ( 2) . 
h d sign of oadside ditche and drainage systems 
influences the degradation of vehicular waste petroleum. 
Since contamination of adjacent aquatic systems by waste 
petroleum presen t in highway runoff has been reported (26), 
' t should be confined to the roadside environment. 
Pol ution aba t ement should be augmented by microbial degra -
d t•ve p ocesses. Biodegrada tion can be enhanced by the 
c n structi n of shallow roadside ditches in which storm-
water infil trates surface soil. Deep ditches, which support 
naerobic sediments where hydrocarbons accumulate, should 
b avoided. 
The roadside environment is a unique system of petro -
leum biodegradation. Factors which severely l imit petro-
leum biodegradation in other environments are less severe. 
Limiting factors of nutrient concentration, soil moisture, 
and excessive hydrocarbon loading are alleviated by storm 
runoff. The combined effects establish a soil microflora 
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capable of degrading a wide range of vehicular related hydro-
carbons. 
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SECTIO - II: ESTI OF THE OPTIMUM AND IN SITU HYDRO -
-~ -- ---
RATES l_ THE ROADSIDE ENVIRONMENT 
Hydrocarbon mineralization rates were estimated in 
roadside environments expose d to vehicular waste petroleum. 
Soil nd water samples were incubated unde r optimum and 
in situ environmental conditions . Hydrocarbon degradation 
14 
rates were determined by oxidation of [1 - C] hexadecane 
14 
to CO 2 ~ Blodegradation rates were 25 to 126 - fold higher 
under o timum environmenta l conditions as compared to 
in situ r tes .. The h ' ghest ln situ hydrocarbon degradation 
r t w s bs rved in wet soils immediately adjacent to the 
- 1 
h ' ghw y p vern nt (92 . 1 ~g/gso i l h . ) . The relative bio-
degradability of hexadecane and kerosene was compared. 
B th were equ lly susceptible to degradation by microorgan-
isms in the roads"de environment. Hydrocarbon degradatio n 
rates wer compared to those observed in other petroleum 
contaminated environments . 
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Introduction 
Several studies have been reported which estimate 
t e in situ biodegradation rates of petroleum contaminated 
environment (22, 23,30). However, most have been concerned 
Mith marine and aquatic environments . Few studies have been 
publ ' shed 'tvbich estimate the in situ hydrocarbon degradation 
rates in soil e posed to vehicular waste petroleum. 
The purpose of this investigation was to estimate 
the optimum and in situ biodegradation rates of vehicular 
wa te hycrocarbons in soil and aquatic environments adjacent 
to high ays. 
Th results indic ted that the microorganisms present 
n the roadside environment were capable of degrading hydro -
carb ns representative of those present in highway stormwater 
runoff . Optimum rates of biodegradation indicated the rela-
tive effectiveness of roadside samples, but did not reflect 
actual ·n itu rates. Hydrocarbon biodegradation rates were 
highest in wet soils directly exposed to waste petroleum. 
Lowe rates of degradation were observed in dry soils and in 
soils not e posed to highway runoff. Hydrocarbon degrada-
t'on by an e obic sediments of wet drainage ditches was 
insign'fic nt when incubated under in situ anaerobic condi-
tions .. 
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Materials and Me thods 
Sample sites and methods. Composite soil and water 
samples were collected from the wet and dry roadside 
environments as previously described . 
-kerosene assay The relative biodegra-
dability of he adecane and kerosene was determined by inocu-
lat" g hydrocarbon basal salts solution with roadside sur-
face soil and water samples. Sterile serum bottles (60 ml) 
conta"ning 30 ml sterile basal salts solution as described 
previously were ' nocu ated with composite roadside samples 
(1.0 g or 1 0 ml). Sterile hexadecane (0 . 40 ml, 0.50 g) 
~ e dded to each bottle. Sterile controls were utilized 
to determine weathering and volatilization effects. Each 
serum bottle was assembled with a sterile air sparger con-
structed of glass tubing and sterile cotton air filters 
(F'g 9) . The environmental samples were continuously 
aerated for 70 h at a rate of 50 ml/min. Samples were run 
n epic tes of four . After 70 h., the contents were ex-
tracted with chl reform and quantitatively determined by 
gas-liqu 'd chromatography as previously described. The 
dat were corrected for volatili za tion and weather ing 
effects . The results were expressed as percent hexadecane 
FIG. 9. An apparatus fo r d·etermining the optimum rela-
tive biQdegradabili ·t y of a hexadeeane-kerosene mixture. 
I 
> 
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nd k rosene degraded. 
Samples collected from anaerobic sediments of deep 
roadside ditches were placed in basal salts solution and 
incubated in an aerobic glove box chamber (Coy Co.). 
After 70 h. incubation, the samples were removed from the 
chamber and extracted with chloroform as previously des-
cribed. 
Optimum rates determination. Optimum hydrocarbon 
de g rad tion rates were estimated by inoculating roadside 
so· 1 and water samples into basal salts with [l- 14 c] hexa -
14 . decane and measuring co 2 evolut1on during a 70 h. incu-
b tion. Aerobic roadside samples (1.0 g or 1.0 ml) were 
incubated 23° C in serum bottles (60 ml) containing 
30 m b sal salts solution . The serum bottles were equipped 
ith 14 co
2 
trapping apparatus as described by Smith (25). 
14 Twenty-f"ve ~1 of [1- C] hexadecane (Amersham-Searle 
Corp.) dilut d with nonradioactive hexadecane (Fisher 
Scientific Co.) to a specific activity of 1.2 x 10 - 3 ~Ci/~M 
was added to each sample bo~tle. The total activity per 
sample was 0.1 uCi. The sample bottles were incubated and 
count d at 10 h. intervals The total incubation time 
was 70 h. At the end of the incubation period, 1.0 ml 
of : 0 H2so 4 was added to each sample to stop microbial 
14 growth and release co
2 
from the sample solution. The 
14co
2 
was transferred via an airstream from the serum bottle 
and p ssed through scintillation vials containing a trapping 
solu t ion in a tolue n e sc i ntilla tion fluor (25). The air 
stre m was allowed to flow fo r 5 min. Each scintillation 
v"al contained 10 ml of Omnis c i n t (I.C. N . Co.) scintilla-
tion fluor in toluene (4 . 0 g/l i ter ) , p lu s 2.5 ml of the 
14
co 2 trapping solution as d e s cr ib ed b y Smith (25). 
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The scintillation vials were c oun te d in triplicate on 
a Tricarb Liquid Scintillation Spectrometer (Packard Instru-
ment Co . ) with a 6% gain and a 50 - 1000 window setting. 
Correct"ons for background were made on al l samples. 
Counting efficiency was determined t o be 8 2% b y the internal 
st ndard method (32) . 
The ates of [1 - 14 c] hexadecane de g r a d a tion were de-
rived f rom the linear portion of exponen tial plots of per -
cen 
4co 2 vo ution 
w. th time. The opt i cal densit y of 
e ch mple w s monitored to establish the e xp onential 
row h interval . Degrad ,tion rate calc u la tions were based 
on 
14 
the assumpt'on that 100% co 2 evo lutio n re f lected micro -
b' 1 ut~liz tion of 8 . 54 x 10 - 2 mM hexadecane. 
naerobic sediment samples were incubated in an 
n erob"c chamber . The reactio n s we re quenched with 1.0 ml 
0 of H2so 4 at 10 h . interva ls, 
and ssay d as describ d a b ove . 
In s"tu rated terminatio n. 
removed from the chamber 
In sit u rates of hydro-
car b on ox·d tion were estima t ed b y th e methods previously 
descr ' bed e cept t h a t th e e nvi r onmental samples were not 
enrich e d with nut ri n t s a lts. 
14 
Twent y -five ~ 1 [1- C] 
hexadecane (0 . 1 pCi) and 5.0 ml s teri l e distilled water 
was added to each (1 0 g or 1 .0 ml) roadside sample. 
57 
58 
Results 
Comparison of hexadecane -kerosene biodegradability. 
The microorganisms present in each roadside sample degraded 
kerosene as effectively as hexadecane when incubated under 
optimum environmental conditions (r = 0.82, p < 0.05, Table 
6). The chromatographic tracings of sterile weathered and 
degraded hexadecane-kerosene indicated that all hydrocarbons 
were equally susceptible to microbial utilization (Fig. 10 
and 11) . 
The h "ghest degree of hydrocarbon degradation occurred 
in t e wet sediment of a shallow drainage ditch 6.0 m from 
the pav ment and in the surface soil immediately adjacent 
o the highway pavement (Table 6). Degradation was less 
efficient in the dry soil and the amount of hydrocarbons 
degraded in 70 h. decreased with distance from the pavement 
(r = -0. 70, p < 0.05, Table 6). Hydrocarbon degradation 
by anaerobic sediment incubated under anaerobic conditions 
for 70 h. was insignificant. 
14 Optim m [1- C] hexadecane degradation rates. The 
optimum rates of hydrocarbon degradation by microorganisms 
present in dry roadside soils increased 87% (8.9 to 16.7 
~M/h.) under wet conditions (Table 7). The highest 
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FIG. 10. Gas-liquid chromato,graphic tracing of a ster-
ile weathered hexadecane-kerosene mixture following 70 h. 
3 incubation (attenuation 16x10 ) . 
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FIG. 11. Gas-liquid chromatographic tracing of bio-
degraded hexadecane-kerosene mixt~re following 70 h. 
1ncubation (attenuation 16xl0 3 ). 
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hydrocarbon degradation rate (16.7 pM hexadecane g - l soil 
-1 
h. ) was observed in the wet surface soils immedately adja-
cent to the highway pavement. Hexadecane degradation rates 
in wet roadside samples were two-fold higher than in dry 
soil samples (Table 7). 
A positive correlation was observed between the rates 
of hexadecane oxidation and the increase in optical density 
of eac sample (r = 0.85 p < 0.05, Table 7). 
Compar·son of optimum and in situ degradation. The 
r tes o f hexadecane o idation in samples incubated under 
'n situ environmental conditions were 25 to 126-fold less 
tha samples supplemented with nutrient salts (Table 7). 
Th e argest difference between nutrient supplementation and 
n sit incubation was observed in the surface water samples. 
The r lat"ve degradative effectiveness of roadside 
p s ·nc bated under in situ environmental conditions 
was similar to that observed in the optimum rate study. 
In s~tu degradation rates were highest in wet soils and 
sediment directly exposed to stormwater runoff. In situ 
hexadecane degradation rates decreased with distance from 
the highw y pavement (r = -0.99, p < 0.01). 
Th o idation of hexadecane by microorganisms present 
in the environment was enhanced by nutrient supplementation 
and aeration. Samples aerated in nutrient salts were capable 
of degr ding twice the amount of hexadecane as were non-
aer ted samples supplemented with nutrient salts (Tables 6 
66 
and 7). Roadside samples incubated under optimum conditions 
with the addition of nutrients and dissolved oxygen did not 
reflect the actual in situ rates of biodegradation . 
Disc u ssion 
Several studies have been do n e to determine the 
relat've biodegradation poten t ia l of various petroleum-
67 
po luted environments (6,21,30,31) . Th ese studies provide 
valuable information concerning the b iodeg r ad at i on of pet-
roleum pollutants, but do not offer a tr u e indication of 
biodegradation rates under in si t u co n ditions. Knowledge 
of these biodegradation rates is es s en t ia l for determining 
the actual potential of an environm e nt for degradation. 
Fu thermore pract ' cal applications based on rate studies 
can be im lemented to enhance degra d at i on and thus abate 
petrol urn pollution . 
In this study rates of hydroca rbon de g r a dation were 
estimated in roadside envi r onme n ts expo sed to vehicular 
~vas te petroleum . Based on these r a te s t udies suggestions 
can be made to design roadsid e e n v iro nm ents to en h ance the 
hydrocarbon biodegradative p r o c es s e s. 
The o id tion rates of radiol a b el e d hydrocarbons served 
as the basis fo estimatin g t he d eg r a dation rates of vehicu-
lar wast petrole u m. The use o f radiolabeled hydrocarbons 
s t h e mo st wide l y ac c epte d method f or determining petroleum 
degr datio n rate s in pollut e d environm e nts (2). 
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Since complex mixtures of radi o labeled hydrocarbons are 
not commercial l y ava il able or a re v e ry e x pensive several 
biodegradation stu d ies have utiliz e d [l- 14 c] hexadecane as 
a hydrocarbon representative of petr o leum pollutants 
(7,23,30). However it has been reported that normal al -
kanes are mong the least reca lc i t r ant hydrocarbons present 
in refined petroleum (13 18) , hence biodegradation rates 
of he adecane may not reflec t t he mineralization rates of 
vehicu ar waste petro eum . To determine th e feasibility 
of subst " tuting hexadecane for veh icul a r waste petroleum 
h drocarbons the biodegradabili t y o f h e x adecane and a 
comple mi ·ture of aromatic and al i pha tic hy drocarbons 
(kerosene) was compared. Kerosene con t a ins al l classes of 
by r carbons present in vehicular was te p e tro leum and has 
be n implemented as a model hydrocarb on mi x ture for refined 
petro urn biodegrad t"on studies (5 ). The results of the 
b "odegradabi ity comparison indi c a ted that a positive 
co relation e ists between t he biod eg radabilit y of kerosene 
nd he adecane . The hydrocarbon comp onents of kerosene 
and the he adecane were eq u a lly sus ce ptible to microbial 
ut " l " z tion by the roadsi d e micro fl ora. 
14 
Thus, [ 1- C] 
hexad ca n e was utilized as th e re pr es entative hydrocarbon 
for t h" s investigatio n. 
Severa l st u dies ha v e e stimat e d hydrocarbon degradation 
r at s b y i n cub at 'n g e nvi r onmental samples und e r artificially 
optim i ze d a udition s o f nutrient enrichment (7,22,23) · 
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Inorganic nutrient concentrations are reduced in petroleum 
contaminated env1ronments and become a major biodegradation 
rate limiting factor. The biodegradation rates of petro-
leum are enhanced by the addition of inorganic nitr~gen 
and phosphorus (2,13). Thus, studies in which environmen-
tal samples are incubated under optimal conditions of 
nutrient enrichment evaluate biodegradation potentials but 
do not accurately assess in situ rates of hydrocarbon min-
eralization. 
Th·s investigation was designed to evaluate both 
. 
b'odegradation potential and actual in situ rates of vehi-
cular waste petroleum. Roadside environmental samples were 
·ncu ated under both optimum and in situ environmental con-
d·t·ons. 
degraded 
S mples supplemented with inorganic nutrient salts 
14 [1- C) he adecane at rates 25 to 126-fold higher 
th n the rates obs rved under in situ environmental condi-
Bot optimum and in situ rates of 
14 [1- C] hexadecane 
degradat"on were highest in the roadside soil in close 
pro imity to the highway and in the shallow drainage ditches. 
Degrad tion rates decreased in soils as distance from the 
pollut·on source increased. 
ctiv ydrocarbon degradati6n is an oxidative proc-
ess nd occurs at extremely slow rates in anaerobic environ-
ments (35). Hydrocarbon degradation in an anaerobic 
aq u tic environment was observed to occur at undetectable 
rates using radiolabeled [l- 14 c] hexadecane (2). 
70 
14 
In this st u dy, oxidatio n o f [1- CJ hexadecane by micro -
organisms present in t he se di ments of deep roadside 
ditches was also u n d e t ectab le during a 70 b. anaerobic 
incubation . 
In situ hydrocarbon deg r a dation rates have been 
estimated in petrole u m c on t am i n ated environments. Seki (23) 
studie hexadecane degrada t io n in Tokyo Ba y and reported 
3 - 1 0.015 g degradation /m seawa t e r da y . Walker and Colwell 
(30) re o 3 -1 ted 0 . 05 g hexadecane deg r a d a t i on / m water day 
n n o·l po luted estuary . Hexadeca n e degradation in the 
-1 
ro ds*de ditch surface wate r was estimated at 0.13 ~M ml 
-1 3 -1 h. or 706 g/m surface ditch wate r d a y . 
Th higher rates of hexadecan e ox idation observed i n 
ro d "de s mples can be attributed t o n u trient supplemen-
at"on b itrogen and phosphor u s pres ent in stormwater 
runoff qu t ' c samples inc ub a t e d under artificially 
opt'mized conditions have hydroca rbon degradation rate 
increases 3 -1 of 25-2500 g/m d ay ( 2 ). 
F w studies have estima ted in situ hydrocarbon degra-
d tion r tes in soil (12 13 1 9). These include the appli -
cat·on of large volumes of wa ste oil to soil and measure 
e ce n t r d u ction with time . In such studies degradation 
m a u re me n ts are difficul t to determine due to volatiliza-
t'o n nd migr tion o f oil throu g h surface soil. Kincannon 
( 2) s t i mate d biod g r a d a ti o n rates in surface so il supple-
m nt e d with inor g anic f ertilizers. Refinery waste oil was 
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-1 applied and degradation was observed at 1 lb./ft. 3 mo. or 
3 -1 534 g/m surface soil day . In the present investigation, 
the microflora of the roadside soil degraded hexadecane 
-1 . . -1 . . 3 
at a rate of G.l4 ~M g so1l h. or 761 g/m surface soil 
-1 (top 2.5 em) day . 
pplying the highway hydrocarbon deposition model of 
Shaheen (24), it was calculated that the highway pavement 
adjacent to the roadside environment in this study received 
''~ s e p tro -1 -1 eum at a rate of 167 g mile day or 103.5 g 
-1 -1 km day . The rates of hydrocarbon degradation in situ 
were sho n to e ceed this hydrocarbon deposition rate. 
3 
The in situ hydrocarbon degradation rate (761 g/m ) of the 
djacent roadside surface soil (1 m in width, top 2.5 em) 
4 -1 -1 4 -1 -1 
was 3.04 x 10 g mile day or 1.90 x 10 g km day 
From this study it can be concluded that the indigenous 
microflora of the roadside ecosystem are capable of removing 
the vehicular waste petroleum. In roadside environments 
which receive hig er hydrocarbon deposition due to increased 
traffic volume, roadside environments should be constructed 
to enhance hydrocarbon degradation. Such design should in-
elude the construction of shallow drainage ditches and hold-
ing ends wh"ch would support active aerobic microbial de-
gradation. 
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GENERAL DISCUSSION 
Aquatic and terrestrial roadside environments are ex-
posed to hydrocarbons of vehicular origin. Soils adjacent 
to the highway pavements in this study contained concentra-
t ' ons of extractable hydrocarbons ranging from 0.9 to 1.5 
mg/L (Table 4). Gas-liquid analyses of extracted highway 
storm ater indicated the presence of refined petroleum 
h drocarbons (Fig. 4). 
The add"tion of vehicular waste petroleum to adjacent 
roadside soil had a significant impact upon the concentra-
tions of p troleum utilizing microorganisms. During months 
of re sed rainfall and stormwater runoff, petroleum 
t"l'zing bacterial populations increased two-fold(Fig. 2). 
Species d·versity of petroleum utilizing bacteria increased 
in terrestrial and aquatic environments directly exposed 
to highway stormwater (Table 3). Increases in species 
diversity and microbial concentration indicated the presen c ~ 
of an 'ndigenous roadside microflora capable of degrading 
wi v riet of hydrocarbon classes. Mix ed cultures o 
pe roleum ut'lizing bacteria isolated from roadside env i -
ronmental samples demonstrated the ability to degrade a l · 
hydrocarbon components of kerosene under optimum enviro n ~ enta l 
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conditions (Fig . 5 and 1 1 ) . 
The ability to degrade hy dr o c arbons diffe r s amo~g envi-
ronmental samples collected f r om ro a dsides of different 
design (Table 6) . This data suggests t h at the design 
of roadside easements and drainage s ystems play an irnpor-
taut role in determining the r ate of veh icular waste petro -
leum mineralization. Surface soils in close pro x i mity to 
the highway pavement and shallow drainag e d i tch systems 
ave the highest potential for petroleum b i ode gradation 
(Table 7) Roads " de drainage systems which sup p ort anaero-
bic sediments are least effective in enhan cin g biodegrada -
tion. The data suggests that vehicular hydr oc a rbon oxida -
ion rates are extremely slow in the se dime n t of deep drain-
ge ditches and may enhance waste petroleum a ccumu lation 
(Table 7}. 
In the aerobic roadside environments of t h is stu dy ~ 
3 
the lowest in situ biodegradation ra t e s ( 761 g/m sur f ace 
-1 . 
soi top 2.5 em day ) exceed the es tima te d hy droc a rbon de-
3 -1 . position rate (4 . 14 g/m day adjac e n t roa d side surface soil) 
190-fold . This data suggests t ha t r oadsi d e envi ronments 
designed to enhance aero b ic b i od egra d a t io n are very efficient 
in the mineralization of v ehicula r wast e petroleum. 
From the data presented i n Sect io n s I. and II., a road-
s e dra · nage ditch design sy tern to e nhance v e hicular waste 
oi b iodegradation ca n b e su gge sted. 
Highway s u rfaces sh uld be d e si g n e d to remove stormwater 
from the pavement surfaces rapidly. 
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This enhances removal 
of highway surface contaminants. The stormwater should be 
discharged into road easements or shallow drainage ditches 
where waste petroleum can infiltrate surface soil and remain 
in an aerobic environment . Highway related petroleum 
pollutants should be confine d to roadside environments for 
biodegradation and not permitted to contaminate other aquatic 
ecosystems Deep drainage systems which augment the forma-
t•on of an erob ·c sediments should be avoided. In highways 
'he e adjacent aerobic roadside environm ents are not feasible, 
stormwater runoff should be channeled through concrete pipes 
or flumes and discharged into aerobic environments. 
Future i vestigations into the environmental impact 
vehicul r waste petroleum should include additional bio -
d grad tion studies. Vehicular waste petroleum, e.g., crank-
c e o·l could be radiolabeled and fractioned. Such prepar-
a ions would be very expensive, but when utilized in in situ 
rate tudies would provide the best assessment of roadside 
biode radation . 
t tion occur 
The concentration at which nutrient limi-
could be evaluated by adding various concen-
tr tions of ph sphorus and nitrogen to roadside environmental 
8 mples and m suring degradation rates. Data from these 
8 di s cou d eval u ate different roadside design to determine 
if in ganic nutrients do indeed become a limiting factor of 
v hicular w ste petr leum biodegradation. 
GENERAL SUM~ARY 
The roadside environment is the land area between the 
h"ghway pavement and right-of-way boundary line. Such 
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area are designed to delineate the highway activities from 
urb n nd residential areas, but also serve as a region of 
h'ghvay related pollution confinement. The design of the 
roadside easement and the adjacent stormwater drainage 
systems determine the fate of vehicular waste petroleum 
poll t nts. Roadside design can enhance or retard the natu-
ral processes of microbial biodegradation . 
From th investigations presented in Sections I. and 
II s ver 1 observations were made concerning the roadside 
environm nt s an effective means of removing highway petro-
leum pollutants . 
The roadside is indeed exposed to hydrocarbons of 
vehicul r origin . Extractions of soil and water directly 
expos d t stormwater runoff contained a wide variety of 
ydrocarbons v ry similar to refined petroleum products. 
Th concentrat'ons of these hydrocarbons were highest in 
the ro d ide areas directly e posed to stormwater runoff. 
Hydroc rbon concentrations were shown to decrease with dis-
tanc from the highway where the vehicular waste petroleum 
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pol utants were deposited. 
The pres e nce of petroleum pollutants in the roadside 
e n vironment stimulate d the p roliferation of microorganisms 
which utilize hydrocarbons for grow th. Bacterial concen-
trations increased during the months of increased rainfall 
and rates of hydrocarbon degradat ion were highest during wet 
so'l conditions . Higher bacterial concentrations and in-
creased degradation rates were the direct result of increased 
h droc rbon deposition a nd inorganic nutrient solubilization 
b stormwater runoff~ 
The roadside environment was shown to be a unique sys-
tern of petroleum degra d at ion. An indigenous hydrocarbon 
u 'lizing microflora was continually ma intained by the 
dep ition of both hydrocarbons and inorganic nutrients. 
The m'crobia populations were presen t in sufficient con-
centrat~on nd diversity to degra de hydrocarbons at rates 
which e ceeded the waste oil deposition. 
The findings of both investigations suggest that the 
roadside hydroca rbon degradation rates can be enhanced by 
des "gn ' ng highways with roadsides which confine petroleum 
pollutants and support act ive aerobic biodegradative proc-
esses . Such design sh uld include the construction of 
sha low dr in ge systems which rapidly remove stormwater and 
waste petroleum from the highway surface. The runoff should 
then e nt er shallow roadside ditches within the confines of 
the highway ro a dsid e environment where biodegradation can 
77 
occur most efficiently. 
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